Ribosome biogenesis is a cell-essential process that influences cell growth, proliferation, and differentiation. How ribosome biogenesis impacts development, however, is poorly understood. Here, we establish a link between ribosome biogenesis and gonadogenesis in Caenorhabditis elegans that affects germline proliferation and patterning. Previously, we determined that pro-1(+) activity is required in the soma -specifically, the sheath/spermatheca sublineage -to promote normal proliferation and prevent germline tumor formation. Here, we report that PRO-1, like its yeast ortholog IPI3, influences rRNA processing. pro-1 tumors are suppressed by mutations in ncl-1 or lin-35/Rb, both of which elevate prerRNA levels. Thus, in this context, lin-35/Rb acts as a soma-autonomous germline tumor promoter. We further report the characterization of two additional genes identified for their germline tumor phenotype, pro-2 and pro-3, and find that they, too, encode orthologs of proteins involved in ribosome biogenesis in yeast (NOC2 and SDA1, respectively) . Finally, we demonstrate that depletion of additional C. elegans orthologs of yeast ribosome biogenesis factors display phenotypes similar to depletion of pro genes. We conclude that the C. elegans distal sheath is particularly sensitive to alterations in ribosome biogenesis and that ribosome biogenesis defects in one tissue can non-autonomously influence proliferation in an adjacent tissue.
Introduction
The relationship between the control of ribosome biogenesis and developmental programs in the context of multicellular organisms is poorly understood since most studies of ribosome biogenesis have been conducted in unicellular organisms. In multicellular organisms, reduction in dosage of ribosomal proteins can be associated with relatively tissue-specific phenotypes (Lambertsson, 1998; Oliver et al., 2004) . Recent results of large-scale RNAi screens suggest that ribosome biogenesis influences some signaling pathways more than others. In particular, the Hh pathway appears to be sensitive to ribosome biogenesis, possibly due to one or more pathway components that are limited by translational efficiency (Nybakken et al., 2005) . The TOR pathway likely acts upstream of ribosome biogenesis, linking this process with nutritional status (Sarbassov dos et al., 2005) . Further, ribosome biogenesis likely feeds back on cell cycle control (Pestov et al., 2001b) . It is conceivable, therefore, that ribosome biogenesis status is monitored by the cell at several levels, that the rate and efficiency of ribosome biogenesis vary depending on cellular demands, and that these controls interface with more cell-typespecific functions such as fate determination and cell-cell interactions during development.
Ribosome biogenesis can be controlled at several steps including rRNA production and processing, and ribosome assembly and transport (for reviews, see Fromont-Racine et al., 2003; Tschochner and Hurt, 2003) . rRNA transcription by polymerase I (PolI) is well characterized (for reviews, see Moss, 2004; Russell and Zomerdijk, 2005) . In mammals, the retinoblastoma tumor suppressor (Rb) acts in at least two distinct capacities as a negative regulator of this process via UBF and SL1 (Hannan et al., 2000; Cavanaugh et al., 2004) . These activities of Rb are distinct from its role with E2F as a Developmental Biology 298 (2006) 45 -58 www.elsevier.com/locate/ydbio negative regulator of cell cycle. Caenorhabditis elegans ncl-1 and the related Drosophila ortholog Brat also downregulate pre-rRNA levels (Frank et al., 2002; Frank and Roth, 1998) , but the exact mechanism by which this downregulation is achieved is unknown. Subsequent to rRNA maturation, ribosome biogenesis is influenced by other factors. For example, the Noc complexes in yeast have been implicated in intranuclear (nucleolus-nucleoplasm) transport of the maturing 60S subunit (Milkereit et al., 2001) , and SDA1 is a component of a later nuclear-cytoplasmic 60S-associated complex (Nissan et al., 2002) .
A partial reduction-of-function mutation in C. elegans pro-1 results in a proximal germline tumor (Pro phenotype; Killian and Hubbard, 2004) . Tumor formation in this mutant results from a somatic gonad-autonomous defect that leads to the temporal uncoupling of the developmental coordination between the somatic gonad and the germ line Hubbard, 2004, 2005) . In addition, pro-1(na48) mutant animals are slow growing relative to wild type. Stronger loss-of-pro-1 exacerbates the slow-growth phenotype and leads to a reduction in sheath cell number and a concomitantly more severe reduction in germline proliferation. PRO-1 is a conserved WD repeat protein with one apparent ortholog in the genomes of every major eukaryote. The yeast ortholog of PRO-1, IPI3, physically interacts with many different functional classes of proteins, including proteins implicated in ribosome biogenesis (Gavin et al., 2002; Ho et al., 2002; Ito et al., 2001) . Microarray analysis of non-coding RNAs in Saccharomyces cerevisiae indicates that conditional ipi3 mutants have defects in the final steps of rRNA processing, removal of the internally transcribed sequence between the 5.8S and 25S rRNAs of the 35S prerRNA (ITS2), causing the accumulation of rRNA intermediates along this branch of the pathway (Peng et al., 2003) . In its role in ITS2 processing, IPI3 interacts with IPI1 and IPI2 to form the IPI complex (Krogan et al., 2004) .
Because IPI3 also interacts with proteins that are not implicated in ribosome biogenesis, including proteins predicted to be involved in autophagy and chromatin dynamics (Ho et al., 2002) , the cellular function of C. elegans PRO-1 could not be unambiguously deduced from the sequence similarity to IPI3. Here, we provide molecular and genetic evidence that pro-1 (na48) mutants are defective in rRNA processing and that this function is important for its autonomous role in somatic gonad function and secondary non-autonomous effects on germline proliferation. In the course of these studies, we found that, as in mammals, lin-35/Rb negatively regulates pre-rRNA levels. We further identified and characterized two additional genes on the basis of the Pro phenotype, pro-2 and pro-3, and find that they, too, encode orthologs of proteins that function in ribosome biogenesis in yeast, NOC2 and SDA1, respectively. Finally, we examined the RNAi-induced phenotype of C. elegans orthologs of eight additional yeast genes implicated in ribosome biogenesis. We find that the phenotypic profiles of RNAi depletion of these genes are similar to pro(RNAi). Taken together, our molecular and genetic studies with pro-1, ncl-1, lin-35/Rb, pro-2, pro-3, and additional C. elegans orthologs of yeast ribosome biogenesis genes provide compelling evidence that somatic gonad development and proper soma-germline communication is particularly sensitive to defects in ribosome biogenesis. In particular, the distal sheath lineage appears to be most sensitive to these defects. These data suggest that alterations in ribosome biogenesis can have relatively specific effects on development, including cell non-autonomous processes.
Materials and methods

Strains and genetic manipulations
All strains were derived from N2 (Bristol) and mutants are described in Brenner (1974) unless otherwise indicated: LGI: unc-13(e51), lin-35(n745) (Ferguson and Horvitz, 1985) ; LGII: lin-8(n111) (Ferguson and Horvitz, 1989) , lin-31(n1053) (Miller et al., 1993) , dpy-10(e128), unc-104(e1265) (Siddiqui, 1990) , rol-6(e187), unc-4(e120), daf-19(m86) (Perkins et al., 1986) , pro-1 (na48) (Killian and Hubbard, 2004) , bli-1(e769), rol-1(e91); LGIII: ncl-1 (e1865) (Hedgecock and Herman, 1995) , unc-32(e189); LGV: sdc-3(y52y180), unc-76(e911), dpy-21(e428), rol-9(sc148); deficiencies and balancers: hT2 [qIs48 [GFP] ](I;III) hereafter abbreviated as hT2 or hT2[GFP] (Miskowski et al., 2001) , mnDf58 (II) (Sigurdson et al., 1984) , mIn1[dpy-10(e128) mIs14 [GFP] ] (II) hereafter abbreviated as mIn1 or mIn1[GFP] (Edgley and Riddle, 2001) , ozDf1 (V) (Clifford et al., 2000) . The tnIs6 insertion of lim-7∷GFP from the DG1575 strain (Hall et al., 1999) was used to mark sheath cells (pairs 1-4).
pro-1; lin-35 double mutant animals were collected from the parental strain GC664 lin-35(n754); pro-1(na48)/mIn1 [GFP] , which was constructed in several steps. First, lin-35(n745) was isolated (GC764) by crossing lin-35; lin-8 hermaphrodites to GFP-positive males generated from a cross of unc-32/hT2
[GFP] males to unc-13 lin-35 hermaphrodites, and isolating non-GFP hermaphrodites of the genotype lin-35/unc-13 lin-35; lin-8/+. GC764 was then established from self-progeny that segregated neither Muv nor Unc progeny. Next, lin-35/unc-13 males (from unc-13/hT2[GFP] males X GC764) were crossed to unc-13; mIn1[GFP] to generate lin-35/unc-13; +/mIn1[GFP] males. These males were then crossed to unc-13; pro-1/mIn1[GFP] to generate unc-13/lin-35;pro-1/mIn1 [GFP] . GC664 was established in the next generation. The presence of lin-35(n745) was verified by arrested animals at 25°C.
pro-1; ncl-1 animals were collected from the parental strain GC637 pro-1 (na48)/mIn1[GFP]; ncl-1(e1865), which was constructed in several steps. Animals of the genotype mIn1[GFP]; ncl-1 (selected from among the selfprogeny of GFP-expressing cross-progeny of unc-4/mIn1[GFP] males X CB3388 ncl-1) were crossed to GC585 (pro-1(na48)/mIn1[GFP]) males and GC637 was established in the F2 generation and verified by scoring for enlarged nucleoli.
GC664 and GC637 were maintained at 20°C, but scored at 25°C due to poor health and fertility of ncl-1 and lin-35 mutant animals at 25°C. Gravid adults were transferred to 25°C and their progeny synchronized by hatch-off; animals were scored as adults at 25°C after fixation and staining with DAPI (Pepper et al., 2003) . The Pro phenotype was indicated by mitotic germ cells proximalmost, proximal to germ cells in late meiosis or to gametes.
Northern blot analysis
Adult worms (wild type, ncl-1, lin-35, and pro-1; N2, CB3388, GC764, and non-GFP animals segregating from GC585, respectively) were grown at 20°C. Total RNA was prepared (Qiagen #74104) and subject to formaldehyde/agarose gel electrophoresis (4 μg/lane) and transferred to a Nytran (Schleicher and Schuell #10416063) membrane (Sambrook and Russell, 2001) . DNA probes were generated from PCR products amplified from pGC96 (a 4.6-kb fragment of the rDNA locus in the vector pCR-XL-TOPO (Invitrogen #K4750-10)). Probe 1 primers were AATACTCCCTCCCCGCA-CACTCCTATATGT and CACACACTACCATCACCAAC, Probe 2 primers were GTCTTCGGCTTGTCGGGCAA and ACTTGTGATGCTTCTGGACT, and Probe 3 primers were TGTGTAACAACTCACCTGCC and GAAGCTC-CAGCCGAGCCTAC. Probes 1 and 2 roughly correspond to probes 1 and 6 as described in Saijou et al. (2004) . The actin locus probe was generated from a PCR-amplified fragment of actin cDNA (Invitrogen #11288-016) using primers GAGGCCCAATCCAAGAGAGGTATCC; ATGATCTTGATCTT-CATGGTTGATG. All probes (98-162 bases) were labeled with 32 P-dCTP (Perkin Elmer #BLU513H001MC) by hexamer priming (Roche, #11277081001), and purified over G-25 columns (Amersham #27-5325-01). Hybridization was carried out at 42°C (Ambion #8670), washes were done at 65°in 2× SSC and 0.1× SSC (Sambrook and Russell, 2001) . Blots were exposed to X-ray film for 3-14 days.
Characterization of pro-2(na27) and pro-3(ar226)
Both pro-2(na27) and pro-3(ar226) are hypomorphic, temperature-sensitive alleles by the following criteria: the mutant phenotypes of both are exacerbated by increased temperature and by placement over deficiencies that remove the respective genes. pro-2 males mated to GC560 (mnDf58/mIn1[GFP] II) at 20°C produced only 10 very sick non-GFP (presumed genotype pro-2(na27)/Df) progeny that exhibited extremely disorganized gonad morphology and no normal germ cells; these worms die 1-2 days after reaching adulthood. The eggs of many individual offspring of pro-3(ar226) males X BS518 (ozDf1/sdc-3 (y52y180) unc-76(e911) V) were collected over 2 days at 20°C, and shifted to 25°C to score the Pro phenotype. 20/20 segregated Pro Unc Dpy while none segregated Pro non-Unc non-Dpy, indicating that animals of the genotype pro-3 (ar226)/ozDf1) did not survive.
For Table 2 , all animals were raised at 20°C. To obtain synchronous populations of worms, larvae and adults were washed off mixed-stage plates and remaining eggs were shifted (or returned) to the indicated temperature and newly hatched L1 animals were collected after 2 h (Pepper et al., 2003) . Animals were subsequently fixed and stained after 72 h.
pro-2(na27) genetic mapping
Standard linkage mapping with the GFP-marked balancer chromosomes hT2, mIn1, and nT1 placed pro-2 on linkage group (LG) II. Three-factor mapping placed pro-2(na27) at a position of approximately +2.3 on LGII based on the following data: (1) 13/13 Muv non-Unc self-progeny of lin-31 unc-104/ pro-2 segregated Pro, 0/8 Rol non-Unc progeny of unc-104 rol-6/pro-2 segregated Pro, 17/17 Dpy non-Unc and 0/21 Unc non-Dpy self-progeny of dpy-10 unc-4/pro-2, placing pro-2 to the right of unc-4. (2) 8/8 Rol non-Unc self-progeny of unc-4 rol-1/pro-2, and 0/6 Unc non-Daf self-progeny of unc-4 daf-19/pro-2 segregated Pro, placing pro-2 between daf-19 and rol-1. (3) 4/8 Unc non-Bli self-progeny of unc-4 bli-1/pro-2 segregated Pro, placing pro-2 approximately half way between unc-4 and bli-1 (and to the right of daf-19). One gene in this region, C07E3.2, was reported to cause a "patchy coloration" (Pch) phenotype when depleted by RNAi , which is the same phenotype assigned to pro-1 in the same study. Though the Pro phenotype was the primary phenotype scored in the mapping experiments, the more penetrant Glp phenotype always co-segregated at a high penetrance among putative pro-2(na27) homozygous animals ( Table 2) .
pro-2 molecular analysis
Comparison of direct sequence of PCR products generated from C07E3.2 genomic DNA from pro-2(na27) and N2 identified a single base pair change in the mutant: T853G which translates to Y285D. An additional polymorphism that differs from the published sequence, A1856C (amino acid substitution H619P), was found in the mutant, in our laboratory N2 stock, and in pro-2 cDNA (pGC174) amplified from the Invitogen cDNA library, suggesting that this polymorphism is common.
The following primers were used for both PCR and sequence analysis: GAGAAAGTCTCGGCGTTGACCGTAGTC; CTCGGTTTTTCCCTAA-TGTGACATGG; AAAGAAGCCAAGTTCTGAGGACG; TTTGAT-G T C C G T T G G G T T C A A G ; C G C C A A A A AT C A C G A A A G A A G C ; CATCGTGCGAGAATCCGATTCG; TGGAGTCGCAAAACTCTGGAATG; AAGATTGCCAAAGTTTCGAGCG; GCCACTTCTTCAATTCATGCACC; ATCGGCTAATTCGGCTAAATCG; CCAGTGTCTGGAAGAATTGGCTC; TGGAGATCACGCTCACTTGTTCC. pro-2 cDNA was recovered from ProQuest™ C. elegans cDNA Library by PCR with the following primers: CAAAACGGCCGCAATGAAGCTTCTCAAAAAAC, CCCAAAGAGCTCT-TAATCCTCATCACTCCAC. pGC174 contains the PCR product cloned into pCR®-XL-TOPO® vector; it was sequenced with T7 and M13R primers and pro-2-specific primers (GAAGCTGTTGTTCGAATGTG, CTGTTCATCTTA-GAAATGC, GGACGTCGTTTTGCCGATC). The 5′ ends of pro-2 ESTs yk1597f09.5, yk1625a06.5, yk1625a08.5, yk1349b05.5, yk1203d02.5 begin with the SL2 sequence (ggttttaacccagttactcaag), replacing the SL2 acceptor site (TCATGTATTTCCACAACATCATAATTTCAG) from the genomic sequence of pro-2, suggesting that pro-2 is part of an operon, a prediction also recently noted on WormBase (WS156). Consistent with this hypothesis, a 3.5-kb genomic fragment containing the pro-2 upstream region up to the preceding gene plus the first two exons and first two introns of pro-2 did not show any expression when fused to a GFP reporter.
pro-2(na27) rescue
To obtain a pro-2 rescuing genomic fragment, we PCR-amplified a 9865-bp upstream fragment (primers: AACCTATTTCCCGTACTCTTGTTACCCC; CTCATCTGAACTTCCCTCGTCCTCAG) and ligated it into the pCR-XL-TOPO vector (pGC182). This product contains 4 additional genes C07E3.10, C07E3.1, C07E3.9, and C07E3.8; no changes in sequence of these genes were found in DNA from pro-2 mutants. A second fragment containing the entire pro-2 genomic region was amplified (1.63 kb upstream of the ATG to 395 bp downstream of the stop codon; primers: TTATTAGAACTTGTCGGGGAG-TAGGC and CATTTCACCGTTTCTGAACATGGG) and was co-injected with pGC182 at 1 ng/μl each, and pRF4 at 100 ng/μl into pro-2(na27)/mIn1 [GFP] animals. Two independent lines were established from individual Rol non-GFP segregants.
pro-3(ar226) genetic mapping SNP mapping (Wicks et al., 2001 ) indicated strong association with the N2 allele pkP5082 (V:17.16). pro-3 was further narrowed to +20.00 by three-factor analysis with dpy-21 rol-9 in trans to pro-3: 134 Rol non-Dpy and 51 Dpy nonRol recombinant self-progeny were obtained and made homozygous for the recombinant chromosome in the next generation, shifted to the non-permissive temperature, and scored for the Pro phenotype (46 of the former and 29 of the latter segregated Pro). From progeny of dpy-21 pro-3 rol-9 hermaphrodites crossed to CB4856 males, we selected Rol non-Dpy recombinants, established strains in the next generation that were homozygous for the recombinant chromosome, and scored each strain for the Pro phenotype. From 18 Rol nonDpy Pro animals, one cross-over was to the right of snp_Y39B6[8] at +18.51; all recombinants tested also contained the ar226 missense mutation in Y39B6A.14 (see below). From 16 Rol non-Dpy non-Pro animals, two resulted from cross-overs to the left of snp_Y39B6[20] at +19.92; all of these contained the non-ar226 allele in Y39B6A.14 (see below). The following primer pairs were used to differentiate between N2 and Hawaiian sequence for snp_Y39B6A [8] and snp_Y39B6A [20] , respectively, which were previously unverified: GAAAGAGCTCCTGGAGGAG, TATGTAGTTAGCAGCGCCC; GAAATG-TATATAAATTAGCTG, TAATTAGAGCGAATTTTCCG.
These results placed pro-3 in an interval (184,513 bp, ∼ 1.41 map units) of 32 predicted open reading frames and 10 predicted tRNA-encoding genes. For the protein-coding genes, previous RNAi experiments indicated that 23 were wild type (WT) in two or more independent studies, 4 were WT in one previous study, one conferred a Ced (cell death) phenotype. The remaining 4 candidate genes (Y39B6A.33, nhr-145, Y39B6A.14, and Y39B6A.12) conferred embryonic lethality, larval lethality or arrest, and/or sterility. We sequenced the predicted coding regions of these genes and identified one sequence mismatch, G143A in Y39B6A.14/.15 (see below for additional information regarding the open reading frame at this locus).
pro-3 molecular analysis
The genomic region from both pro-3(ar226) and N2 worms was amplified by PCR, and all exons and splice junctions (as determined by our cDNA sequence-see below) were sequenced. A pro-3 cDNA was obtained by PCR from the ProQuest™ C. elegans cDNA Library (Invitrogen, cat: #11288-016) using the following primers (the primers were designed based on the Start of the SL2 spliced EST yk1541b03.5 and the Stop of Gene Finder pro-3 prediction, Y39B6A.gc26, since they outlined the most probable ORF of the gene): ATGGGTAAAGTGTCAAAATC; TTATTGAGGTTTTCGTCCGG. The cDNA was cloned into pCR-XL-TOPO® vector (to generate pGC161) and sequenced with T7 and M13R primers and the following pro-3-specific primers: CGGCATCATTTTCCACTG; GACGCAAATTTTGGCGGG. This cDNA spans the area previously identified as two predicted genes: Y39B6A.14 and Y39B6A.15. In addition, we note that the actual cDNA differs from the predicted open reading frame in the current database (WormBase Release WS156).
pro-3 transgenes
The pro-3 locus is relatively large: 16 kb for the gene itself and ∼29 kb for the entire operon. Therefore, we applied several different approaches to attempt to generate a rescuing transgene: (1) yeast genomic DNA: two lines were generated by injection of yeast genomic DNA at 1 ng/μl from a strain bearing the Y39B6A YAC (containing the entire interval into which the locus mapped genetically), (2) pro-3 cDNA: three lines were generated by injection of pGC223 [pro-1∷pro-3(cDNA)∷let-858(3′UTR)] at 0.1 ng/μl. In both cases, we injected pro-3(ar226)/dpy-21 rol-9 heterozygous animals and co-injected pCW2.1 [ceh-22∷GFP] at 20 ng/μl as a marker and pBluescript at 100 ng/μl. Lines were established at the permissive temperature and homozygous pro-3 (ar226) animals were tested for rescue at the restrictive temperature. Additional 32 lines were generated using different marker/rescue strategies (pRF4 alone or with pTG96; 20 lines with yeast DNA, one with the cDNA, and 11 with overlapping PCR products). Several additional lines were generated and lost over subsequent generations due to lethality/sterility of array-bearing animals.
Germ cell counts
The mitotic zone is defined here as all cells from the distal tip to the first ring of cells that contains the (distal-most) transition nucleus.
RNAi analysis
RNAi was performed by feeding . Hermaphrodites (N2, rrf-1 and DG1575) were reared at 20°C on OP50 bacteria to the L4 stage and transferred for 30 min to HT115(DE3) bacteria containing the L4440 control vector. Four individuals were then transferred to each tester RNAi bacteria and incubated at 25°C. Adult animals were removed after 14-16 h and the progeny of control animals were scored as adults 48 h later while the slower growing progeny of the test RNAi were scored 52-54 h later. Animals were examined under DIC (and fluorescence for GFP) and scored for indicated phenotypes at 400-1000×.
All RNAi constructs with the exception of pro-1(RNAi) (pGC15; Killian and Hubbard, 2004) were from MRC Geneservice (Fraser et al., 2000; Kamath et al., 2003) ; all were sequence-verified. The results reported here for pro-1(RNAi) differ somewhat from those reported in Killian and Hubbard (2004) ; experimental conditions in this study are more stringent in both the N2 and rrf-1 backgrounds.
Results
PRO-1 is required for efficient processing of ITS2 rRNA
Previously, we identified C. elegans pro-1 based on the proximal germline tumor phenotype (Pro) of the weak reduction-of-function allele pro-1(na48). PRO-1 is the only C. elegans ortholog of S. cerevisiae IPI3 (Killian and Hubbard, 2004) . IPI3 is required for efficient ITS2 removal during 26S rRNA maturation (Krogan et al., 2004; Peng et al., 2003) but may have additional roles as well. Consistent with a conceivable role for PRO-1 in rRNA processing, a strong reduction of pro-1 activity causes larval arrest, cell lineage disruptions, slow growth, and/or sterility Killian and Hubbard, 2004; Simmer et al., 2003) .
To test the hypothesis that C. elegans PRO-1 is involved in rRNA processing, we examined the relative levels of rRNA intermediates in pro-1(na48) compared to wild type. In C. elegans, as in other organisms, pre-rRNA undergoes removal of two intervening sequences, ITS1 and ITS2 that separate the 5.8S rRNA from the 18S rRNA and the 26S rRNA, respectively (Saijou et al., 2004) . To determine if PRO-1 functions in ITS2 rRNA processing, we compared the relative abundance of steady-state levels of full-length pre-rRNA to the intermediate that immediately precedes ITS2 processing. The ratio of the ITS2-containing intermediate to the pre-rRNA (c + c′ to a, Fig. 1 ) was markedly elevated in pro-1(na48) compared to wild type, though the steady-state level of the mature 26S rRNA is not substantially lower in pro-1 mutants. In addition, the steady-state level of ITS1-containing rRNA intermediates are not elevated and, rather, appear underrepresented in pro-1(na48) relative to the pre-rRNA, suggesting that ITS1 processing is efficient (Fig. 1) . Taken together, these results suggest that as for the ipi3 mutant in yeast, rRNA processing of the ITS2 intermediate is impaired in pro-1 (na48).
Germline tumor formation in pro-1(na48) mutants is suppressed by loss of ncl-1
We next asked whether the rRNA processing function of PRO-1 could be the basis for the Pro phenotype seen in pro-1(na48) mutants. pro-1(na48) is a reduction-of-function allele, not a null (Killian and Hubbard, 2004) . We reasoned that if PRO-1 normally acts in pre-rRNA processing, and if this function is important for the role of PRO-1 in gonadogenesis, then elevating the available pool of prerRNA might suppress the Pro phenotype. ncl-1(e1865) mutants are superficially wild type, but display increased pre-rRNA levels (Frank and Roth, 1998) . Whereas 82% of pro-1(na48) animals displayed the Pro phenotype, only 14% of pro-1(na48); ncl-1(e1865) double mutants were Pro (Table  1) . This considerable suppression is consistent with the hypothesis that PRO-1 functions in the ribosome biogenesis pathway; the suppression mechanism is likely an increase in pre-rRNA levels and/or re-establishment of a balance of rRNA intermediates.
LIN-35/Rb negatively regulates steady-state pre-rRNA levels but does not contribute to nucleolar size Mammalian Rb is a negative regulator of ribosome biogenesis at the level of rRNA transcription by RNA polymerase I (Hannan et al., 2000; Pelletier et al., 2000) . C. elegans LIN-35/Rb functionally interacts with cell-cycle regulators van den Heuvel, 2001, 2002; Fay et al., 2002; Lu and Horvitz, 1998) , and has a non-cell cycle morphogenesis role (Fay et al., 2003 . In addition, synthetic lethality and gonad defects are observed in double mutant worms carrying mutations in lin-35 and either of two putative orthologs of SWI/SNF complex members, xnp-1 and psa-1 (Bender et al., 2004; Cui et al., 2004) . However, C. elegans LIN-35 has not been previously tested for an effect on rRNA. We asked if loss of lin-35 affects the steady-state levels of pre-rRNA and found that pre-rRNA levels were elevated in the lin-35 mutant relative to wild type (Fig. 1) .
Elevated pre-rRNA levels in lin-35 mutants prompted an examination of nucleolar size in lin-35. Measurements of the excretory cell, germ cells, head and tail hypodermal cells, neurons, somatic gonadal cells, pharyngeal muscle cells and coelomocytes indicated that while nucleoli in somatic cells of ncl-1 mutants were 1.5-3 times larger than wild type (in longest linear dimension), nucleoli in lin-35 mutants were not significantly different from wild type (data not shown).
Loss of LiN-35/Rb suppresses the Pro phenotype of pro-1 (na48) in a soma-restricted manner
We further assessed whether, like ncl-1, the increase in steady-state levels of pre-rRNA in the lin-35 mutant correlated with suppression of the pro-1(na48) Pro phenotype. Similar to the effect of ncl-1, 33% of lin-35; pro-1 double mutants displayed the Pro phenotype compared to 81% of pro-1(na48) controls (Table 1) . lin-35 single mutant animals do not display the Pro phenotype and the germ line of lin-35; pro-1 double mutant suppressed animals proliferated well, indicating that the suppression of the Pro (Fay et al., 2002) were identified by presence of the sur-5∷GFP marker that expresses GFP in all somatic nuclei. ⁎ Indicates p < 0.001 in a Fisher Exact test compared to data in the line directly above.
phenotype was not due to an overall loss of germline proliferation in the lin-35 background. Suppression of pro-1 (na48) by ncl-1(−) was stronger than that observed with lin-35(−), even though the latter has a higher relative level of steady-state pre-rRNA. We note, however, that lin-35 mutants are quite unhealthy under these conditions, making the significance of the difference in suppression difficult to assess. Consistent with the hypothesis that the ncl-1 and lin-35 mutations increase substrate availability to a process that requires PRO-1, we find that neither mutant suppresses defects associated with a strong loss of pro-1 induced by RNAi (data not shown). Because proximal germline tumor formation in pro-1 (na48) mutants is soma-autonomous (Killian and Hubbard, 2004) , suppression of the pro-1(na48) Pro phenotype by loss of lin-35 could be the result of loss of lin-35 activity in the soma or the germ line. Germline-autonomous suppression of pro-1 by lin-35 would contradict the proposed suppression mechanism. Therefore, we examined the phenotype of lin-35; pro-1 double mutant animals that expressed lin-35(+) from a simple extrachromosomal array (Fay et al., 2002) , thereby presumably limiting lin-35(+) expression to somatic cells (Kelly et al., 1997) . The lin-35(+) array reversed the suppression of the pro-1(na48) Pro phenotype by lin-35 (n754), suggesting that suppression is due to loss of lin-35 activity in the soma, not the germ line (Table 1) .
pro-2 and pro-3 encode additional putative ribosome biogenesis proteins
The forward genetic screen that identified pro-1(na48) also recovered pro-2(na27) and pro-3(ar226) as reduction-offunction mutations that confer a recessive temperature-sensitive Pro phenotype (Materials and methods, Fig. 2, Table 2 ). Both cause lethality in trans to deficiencies that remove the loci; a few surviving pro-2/Df animals were very sick, exhibited extremely disorganized gonad morphology, and died 1-2 days after reaching adulthood.
We compared the phenotypes conferred by pro-2(na27) and pro-3(ar226) mutants with pro-1(na48). Unlike pro-1(na48) that displays stronger non-Pro phenotypes at lower temperatures (Killian and Hubbard, 2004) , pro-2 and pro-3 mutant phenotypes were exacerbated at high temperatures. pro-2 mutants, like pro-1 mutants, grew slowly, while pro-3 mutants did not. Otherwise the phenotypic profiles appeared quite similar: pro-2 and pro-3 mutants displayed sterility caused by a germline proliferation defective phenotype (Glp) or Pro phenotype ( Table 2 ). The number of lim-7∷GFP-positive gonadal sheath cells in the Glp animals was reduced (≤ 3) compared to the Pro animals, and Glp gonads contained fewer germ cells than Pro gonads.
To further assess the germline proliferation defect and timing of the initial onset of meiosis in pro-2(na27) and pro-3(ar226), Fig. 2 . Germline phenotypes of pro-2(na27) and pro-3(ar226). Left-to-right: Cartoon drawings, photomicrographs of DIC (live) and DAPI stained worms representative of wild type, pro-2 Pro, pro-2 Glp, pro-3 Pro, and pro-3 Glp gonad arms. In the cartoons, the oviduct/spermatheca border and vulva are indicated by light and dark grey lines, respectively. The positions of the distal mitotic germ cells, gametes (sperm and oocytes) or sperm, proximal tumor germ cells, and embryos are indicated. Each set of DIC and DAPI images are taken from the same individual worm. Asterisks indicate the distal tip and arrowheads indicate the border of gametes and mitotic cells of the proximal tumor. Generally, oocytes are not observed in the Glp animals in either pro genotype whereas both oocytes and sperm are often observed in the Pro animals. Scale bar is 25 μm.
we counted and staged germ cells after DAPI staining. At an early adult stage (5 h post mid-L4 at 25.7°C), the average cell number (± SD) in the mitotic zone was 131.7 ± 11 per arm in the wild type (n = 10), 50 ± 12 in pro-2(na27) (n = 9), and 47.8 ± 14 in pro-3(ar226) (n = 11). Moreover, all wild-type gonad arms contained spermatocytes and 90% contained sperm (average of 30 sperm). In contrast, only 4/9 pro-2(na27) and 0/11 pro-3 (ar226) arms contained spermatocytes (only 4/11 of the latter had reached pachytene). Thus, like pro-1(na48), the proliferation zone in pro-2 and pro-3 mutants is reduced and meiotic entry is delayed.
We cloned pro-2 and pro-3, and sequence analysis of DNA obtained from each mutant identified single missense mutations in the open reading frames of C07E3.2 and Y39B6A.14/ Y39B6A.15, respectively (Materials and methods). We recovered full-length cDNAs for each gene; Fig. 3 indicates the predicted protein sequence and alignments with related genes from other species. Both genes are well conserved across widely diverged phyla.
Taken together, genetic mapping, RNAi phenocopy, sequence analysis, and transgenic rescue (see below) indicate that C07E3.2 is pro-2 (Tables 2 and 3, Figs. 2-4) . PRO-2 shares a high degree of sequence homology with NOC2 in yeast (Fig. 3A) , a gene implicated in ribosome biogenesis at the step of nucleolar/nucleoplasm transport (Milkereit et al., 2001) . Although the amino acid affected in pro-2(na27) (Y285D) is not absolutely conserved, the overall high degree of sequence similarity between NOC2 and PRO-2 (5.7e-44 over 94% of the protein) and its overall very high conservation in other species (e.g., 1.4e-79 over 99% with zebrafish) suggests that PRO-2 may act similarly to NOC2.
Genetic mapping, RNAi phenocopy, and sequence analysis suggest that pro-3 is Y39B6A.14/Y39B6A.15 (Materials and methods, Tables 2 and 3, Figs. 2-4) . We found several discrepancies between the predicted gene structure of Y39B6A.14 and the available ESTs for this gene, which appears to be part of an operon. We obtained and analyzed a cDNA, and the corrected gene structure for pro-3 is more consistent with orthologs in other organisms (Fig. 3B , Materials and methods), including a BLASTP p value of 4.8e-40 over 89.6% of the protein with yeast SDA1. A single base pair change in pro-3(ar226) genomic DNA corresponds to a G48E amino acid substitution. Although a glycine at this position is not conserved in the other species, a similarly hydrophobic amino acid or a proline are present, suggesting that this change could be responsible for a hypomorphic mutant phenotype. Yeast SDA1 was originally named for its role in actin cytoskeleton polymerization (Buscemi et al., 2000; Zimmerman and Kellogg, 2001) . Further studies implicate SDA1 in pre-ribosomal particle transport in the nucleoplasm (Nissan et al., 2002; Peng et al., 2003) . SDA1 physically interacts with IPI3 (Gavin et al., 2002) and human SDA1 is nucleolar, enriched in fetal tissues, and differentially expressed in various tumor cell lines (Babbio et al., 2004) .
To assess whether pro-2 and pro-3, like pro-1, are somaautonomous with respect to their germline defects, we attempted soma-restricted expression of pro-2(+) or pro-3(+) in the cognate mutant backgrounds from simple extrachromosomal arrays that would be silenced in the germ line (Kelly et al., 1997) . pro-2(+) rescued in 2/7 transgenic lines carrying simple arrays (Table 2) , suggesting somatic function. Results for pro-3 were inconclusive: from 37 transgenic lines we were not able to obtain rescue (see Materials and methods). Thus, either pro-3 is required in the germ line, or rescuing arrays are difficult to obtain for this region. Given that mutant and RNAi phenotypes are similar and include (somatic) sheath cell abnormalities, we infer that pro-3 is required in the soma, though an additional requirement in the germ line can not be excluded. Even if pro-3 were only required in the soma, several features of the locus may have confounded transgenic rescue: its large size (16-kb gene and ∼29-kb operon), the presence of long stretches of highly repetitive intron sequences at this locus (largely consisting of tandem direct repeats, some of which are ∼ 20 bases in length), and dosage sensitivity (as indicated by skewed F1 to F2 ratios and loss of established lines). We conclude that, similar to pro-1, pro-3 and pro-2 are required for normal somatic gonad development and somatic expression of pro-2 (+) can rescue the germline defects associated with the pro-2 mutation. Table 2 Phenotypic characterization of pro-2(na27) and pro-3(ar226) b Glp (germline proliferation abnormal): low germline proliferation. c n = number of gonad arms scored. d Animals are slow-growing and sub-fertile (∼ 50-70 progeny per worm). Germline pattern is normal but gonad arms are thin and contain ∼ 30% fewer cells in the mitotic zone at the L4/adult molt (average of 109 nuclei, n = 19), and oogenesis is delayed (data not shown).
e Several hundred worms scored at stereomicroscope level for the presence of embryos in the uterus (see text for additional details).
f Animals are smaller than wild type. g Non-Rol worms from parents of the genotype listed directly above. h As for pro-1 (Killian and Hubbard, 2004) , the pro-2 Glp phenotype is a more severe phenotype than the Pro phenotype, thus an increased penetrance of Pro for the naEx58-bearing strain constitutes partial rescue.
i Worms are larger than wild type, germline pattern is normal but gonads contain ∼ 30% fewer cells in the mitotic zone at the L4/adult molt (average of 98 nuclei, n = 12), and oogenesis is delayed, though not as severely as in pro-2 mutants (data not shown).
j All animals produced embryos. 
RNAi directed against ribosome biogenesis factors yields pro (RNAi)-like phenotypes
We defined pro-1, pro-2 and pro-3 on the basis of reduction-of-function alleles that display a germline tumor phenotype and other germline proliferation defects (Killian and Hubbard, 2004 ; this work), and all three pro genes encode proteins that appear to be involved in ribosome biogenesis. We reasoned that many genes encoding ribosome biogenesis factors should confer similar phenotypes. To test this hypothesis, we selected a set of C. elegans orthologs of yeast ribosome biogenesis genes based on a high degree of sequence similarity and evidence for ribosome biogenesis function.
The following C. elegans genes were targeted by RNAi and their phenotypes were compared to RNAi depletion of pro-1, pro-2 and pro-3: Y48A6C.4, C47B2.5/eif-6, W07E6.2, Y56A3A.18, T04A8.6, K01C8.9/nst-1, Y48B6A.1 and T23F6.4/rbd-1. These genes are highly similar to yeast IPI1, TIF6, YCR072C, BUD20, NOP15, NUG1, ERB1 and MRD1, respectively (Table 3; Bassler et al., 2001; Basu et al., 2001; Gavin et al., 2002; Harnpicharnchai et al., 2001; Ho et al., 2002; Horsey et al., 2004; Jin et al., 2002; Krogan et al., 2004; Peng et al., 2003; Pestov et al., 2001; Saijou et al., 2004; Sanvito et al., 1999; Senger et al., 2001; Si and Maitra, 1999; Xie et al., 2005 ). An obvious C. elegans ortholog for IPI2, the remaining member of the IPI complex, could not be identified. RNAi depletion experiments were performed in the wild type (rrf-1(+)) N2 strain and in the rrf-1(pk1417) mutant that strongly reduces somatic RNAi. The rrf-1(pk1417) strain is often used to distinguish somatic from germline RNAi effects since it reduces the efficacy of RNAi in somatic cells while retaining full efficacy in the germ line (Sijen et al., 2001) . In these experiments, however, we use it to weaken RNAi in the soma. RNAi depletion of most genes we tested conferred a severe growth defect or larval arrest phenotype in rrf-1(+). In the rrf-1 mutant, however, these phenotypes were less severe, enabling us to assess adult gonad/germline phenotypes. Under these very mild somatic RNAi conditions, all genes tested produced an array of phenotypes similar to b Percentages of adult (i.e., non-Gro) animals displaying phenotypes indicated. Data were pooled from 3 independent parallel (N2 and rrf-1) experiments for each gene with the exception of pro-3 (N2), C47B2.5 (N2), Y48B6A.1 (N2 and rrf-1) that include one additional experiment. While the data were similar between RNAi replicates, more variability was observed between rrf-1 replicate experiments than N2 replicate experiments. No replicate-specific trend was detected in either background. At least 3 replicates were performed in parallel with DG1575 (Fig. 4) . For all replicates, the negative control was bacteria carrying the L4440 empty vector, and a control for N2 versus rrf-1 was unc-15(RNAi) (MRC GeneService Clone I-3N01) that causes a potent Unc phenotype in N2 but does not cause any phenotype in rrf-1.
c Gro (growth defective) animals were not included in the indicated (n) for each data set. Penetrance of Gro is indicated as high (>70%), med/low (∼ 10-40%), or low (<10%). In addition, RNAi that conferred a high penetrance Gro phenotype were qualitatively different depending on the gene targeted: (a) animals were scawny, had not reached adulthood, and represented 70-85% of the total RNAi-treated animals, and (b) animals displayed adult vulval morphology but were severely undersized. These animals also displayed severely retarded gonad development relative to vulval development.
d Glp (germline proliferation abnormal) was assigned to animals with some gonad arm extension and low germline proliferation. This phenotype was associated with very few to no sheath cells as detected by lim-7∷GFP reporter expression (Fig. 4) . The Glp phenotype scored in the rrf-1 background was comparable to that seen in the N2 and DG1575 background. This phenotype is different from the Glp phenotype of glp-1 (loss-of-function) mutants where all germ cells enter meiosis.
e Variable gonad defects ("VarGD") was assigned to worms with an adult vulva, gonad arm extension, and an expanded proximal gonad. These worms also variably displayed a thin distal gonad arm, gonad migration defects, collapsed spermathecae, floating sperm in the pseudocoelom, and degrading oocytes. This syndrome was often associated with the absence of some but not all sheath cells (Fig. 4) .
f Pro (Proximal proliferation) was assigned to worms displaying a proximal germline tumor (ectopic mitotic germ cells proximal to mature gametes). These worms also variably displayed phenotypes similar to those observed in worms scored as VarGD.
g WT (wild-type gonadogenesis) as indicated by normal germline pattern and growth, normal somatic gonad morphology, and embryos present in the uterus. h Though the phenotypes were usually similar for both gonad arms, n is the number of animals from which one arm was scored.
those observed under similar conditions for pro-1, pro-2 and pro-3 (RNAi or mutant) including gonad morphology defects, germline proliferation defects, and a low penetrance Pro phenotype (Table 3 , Fig. 4 ). The germline proliferation defect was often associated with a reduction in sheath cell number (Fig. 4) .
Discussion
Studies presented here suggest that the distal gonadal sheath and its non-autonomous role in promoting larval germline proliferation is particularly sensitive to changes in ribosome biogenesis, implicating this general cellular process in a specific cell-cell interaction during development.
Ribosome biogenesis and tissue specificity
Our studies contribute to a growing body of work suggesting that cells in multicellular organisms are not equivalently sensitive to changes in ribosome biogenesis. A classic example is the cell-autonomous cell growth and bristle defects exhibited by reduced activity at Drosophila Minute loci. Some defects are Minute locus-specific, suggesting that different ribosomal proteins may be limiting in different tissues (see Lambertsson, 1998 for a review). A Minute-like mutant in mouse, Bst, encodes the L24 protein of the large ribosomal subunit and causes cell growth and cell cycle defects. Bst also confers specific defects that are more difficult to reconcile with an overall reduction in protein synthesis (Oliver et al., 2004) . In C. elegans, RBD-1 is an RNA-binding protein essential for ribosome biogenesis. In addition to slow growth and molting defects that can be attributed to a general reduction in protein synthesis, rbd-1 (RNAi) causes gonadogenesis and vulval defects (Saijou et al., 2004) . Our observation that the sheath cell lineage is particularly sensitive to changes in ribosome biogenesis could reflect a demand for generally high levels of protein synthesis or for limiting factors that must be translated with optimal efficiency in these cells. The finding that Drosophila Hh but not Wnt signaling is sensitive to alterations in ribosome component dosage indicates that specific developmentally important pathways can be influenced differently by changes in ribosome biogenesis (DasGupta et al., 2005; Nybakken et al., 2005) .
Cell non-autonomous consequences of defects in ribosome biogenesis
Our previous data support a model in which the distal sheath cells are present but are not functioning properly in pro-1(Pro) animals and thus fail to promote robust germline proliferation during larval stages (Killian and Hubbard, 2005) . Reduction of pro-2 or pro-3 (either by mutation or RNAi) confers the same set of somatic gonad and germline defects as pro-1. In addition, somatic expression of pro-2(+) rescues the pro-2(na27) germline phenotype. Taken together, our data are consistent with a model whereby the Glp germline defects in pro-2 and pro-3 mutants are the result of defective sheath cell development whereas the Pro phenotypes result from a defect in sheath cell function. Thus, beyond the cell-type-specific sensitivity to ribosome biogenesis, our studies reveal a functional link between the ribosome biogenesis pathway Hall et al., 1999) that were treated in parallel with N2 and rrf-1 (see Materials and methods) and that displayed the same phenotypes as the rrf-1(+) N2 strain (see Table 3 ). The GFP transgene allowed the visualization of 8 of the 10 sheath nuclei per gonad arm in the wild type (Hall et al., 1999) . The numbers of worms were examined for both DIC and GFP, and the range of numbers of visible sheath nuclei per gonad arm seen in those worms are as follows: pro-1 n = 118, 0-5; pro-2 n = 28, 0-5, most with 2; pro-3 n = 47, 0-5; Y48A6C.4 n = 80, 75 animals with 0-3 and 5 animals with 8; C47B2.5 n = 55, 0-3; W07E6.2 n = 59, variable numbers of sheath nuclei-most with 5-6 cells, but some phenotypically wild type with 8 nuclei and some with fewer than 5; Y56A3A.18 n = 78, variable numbers of sheath nuclei, as for W07E6.2; T04A8.6 n = 75, 0-6; K01C8.9 n = 68, 0-5; Y48B6A.1 n = 38, 0-4; rbd-1 n = 104, 0-4. In general, the Glp phenotype was associated with fewer sheath nuclei than the VarGD and Pro phenotypes; these observations are consistent with previous results of sheath ablations and pro-1(RNAi) Hubbard, 2004, 2005; McCarter et al., 1997) . and the non-autonomous proliferation-promoting role of the distal sheath.
Previously we showed that proximal germline tumors can arise from a weakly underproliferated germ line due to the latent proliferation-promoting role of the proximal sheath (Killian and Hubbard, 2005) . Therefore, the presence of proximal tumors in pro mutants suggests that the latent proliferation-promoting role of the proximal sheath is intact in these mutants and is not as sensitive to ribosome biogenesis defects as the distal sheath. It is likely that similarly complex non-autonomous consequences of defects in ribosome biogenesis will be found in other organisms. One possible case is in zebrafish, where a predisposition for tumors in the peripheral nervous system results from reduced dosage of several ribosome components (Amsterdam et al., 2004) . The cell autonomy relationships underlying this observation, however, have not been established.
How, exactly, could ribosome biogenesis defects in the distal sheath affect its non-autonomous function in germline proliferation? We speculate that the pro defects in germline proliferation result from diminished production and/or secretion of a protein(s) important for proliferation-promoting signaling. Protein secretion and ribosome biogenesis are likely linked: in a screen for yeast mutants defective in protein secretion, four mutants were identified in genes previously reported to have a function in ribosome biogenesis (Davydenko et al., 2004) . Two of these genes are pro-3/SDA1 and T04A8.6/NOP15. The pathway responsible for producing or secreting this signal could involve short-lived proteins and thus be highly dependent on new translation. This hypothesis is supported by the presence of vesicles, Golgi and rough ER in the distal sheath cells (Hall et al., 1999) . That relatively general factors controlling signaling pathways can influence cell proliferation non-autonomously was recently demonstrated for an endocytic pathway protein that negatively regulates secretion of a potential mitogen, the Drosophila ortholog of the Mammalian Tumor Susceptibility Gene 101, erupted (Moberg et al., 2005; Vaccari and Bilder, 2005) .
Alternatively, our observations could reflect more general requirement for a high translation rate in the sheath-e.g., for high-demand enzymes that are, in turn, required to synthesize nutrition factors that must be transferred to the germ line to support robust proliferation. The future identification of genes required for the non-autonomous role of the C. elegans gonadal sheath for germline proliferation will distinguish between these hypotheses.
A role for LIN-35/Rb in ribosome biogenesis and gonad development LIN-35/Rb is best known for its role in the synthetic multivulva (SynMuv) pathway in C. elegans. In this role, LIN-35 acts with other genes involved in the cell cycle pathway whereby Rb and E2F interact and regulate cyclin function (Lu and Horvitz, 1998) . We found a role for LIN-35/Rb in C. elegans in the control of pre-rRNA levels. We note that lin-35 (n745) is temperature sensitive for growth and fertility and that the strain is generally less healthy than wild type. Other studies have demonstrated a role for LIN-35 in somatic gonad development (Bender et al., 2004) . Our findings that loss of lin-35 suppresses the pro-1(na48) Pro phenotype and elevates steady-state levels of pre-rRNA suggests that it likely represses transcription at PolI promoters in C. elegans and provides an in vivo system to study this role. We also note that in the genetic and developmental context reported here, wild-type lin-35/Rb activity is required to enable the expression of the pro-1(na48) proximal germline tumor phenotype. This counter-intuitive role for an Rb ortholog as a tumor enhancer rather than a tumor suppressor demonstrates the critical context-dependent assessment of the function of genes that affect abnormal cell proliferation.
